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Abstract. Today, bridge girders with curved flanges and webs are becoming 
common in order to increase the aesthetic value and to improve the quality of the 
structure. Despite the use of these new shapes, not much research has been done 
in this field. The aim of the present research is to develop an experimental test 
setup, during which box girders with changing web curvature are subjected to a 
constant shear force. The specimens were made from plastic sheets (with thickness 
0.125 mm) to create the webs and flanges, and MDF wood to create the external 
stiffeners. In a later phase, numerical models are created, which have the same 
properties and characteristics as the experimental specimens. These include a 
height of 70 mm, a width of 30 mm, and curvature radii of 1500, 5, 3, 5/3, 1 and 
0.55 times the web height. The aim of the test is to analyse the elastic buckling 
behaviour of the webs and the failure condition of the specimen. The experimental 
results are analysed and compared with numerical results, for which no 
imperfections were included. Tests indicate that the elastic buckling load is 
increasing with increasing curvature, whereas for the failure load the opposite 
happens. The numerical models show identical behaviour, with higher loads. The 
failure load behaviour changes according to flat web or shell behaviour of the 
specimen. The results showed that flatter webs have much more postbuckling 
capacity than the most curved webs. The deformation pattern of the web is also 
different for both categories. Where the flatter webs had diagonal tension lines, the 
most curved webs had more horizontal bulges, shifting to the upper web-flange 
juncture. The difference between the numerical and experimental results can be 
blamed to the lack of imperfections implemented in the first approach. Earlier 
numerical research1 with closed steel sections, show that the failure load line is 
increasing with growing curvature. The high web slenderness for the experimental 
specimen causes opposite results for the failure load. For an increasing curvature, 
the post-buckling capacity is decreasing, while the elastic buckling capacity is 
increasing. This all results in an increasing or decreasing failure load curve. 
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1 INTRODUCTION 
Today, bridge girders are shaped in various forms to increase the aesthetic value of structures 
and improve the quality of infrastructure. Among these new shapes are box girders with curved 
flanges and webs, allowing smoother transitions between these parts. Despite the frequent use of 
these new shapes, not much research has been done in this field. Two recent conference papers 
deal with this subject1/2. An extensive parametric research study has been conducted on the 
buckling resistance of such steel box sections of bridge girders. This numerical research included 
the effects of plasticity, residual stresses, as well as imperfections. The combination of these 
parameters reduces the web buckling resistance to similar values as corresponding flat webs. In 
addition, increasing the curvature of the web seriously modifies the buckling pattern o f the webs. 
Presently, experimental research is needed to confirm the various findings from numerical 
simulation.  
For flat webs, a lot of research is done regarding the elastic buckling and postbuckling behaviour 
of webs. The Dutch national code NEN 6671 suggests equation (1) for the critical elastic buckling 
stress3. A flat web can resist some additional load after buckling. There is no perfect formula for 
the ultimate shear strength. K. Basler suggested a relation for this as formulated in equation (2) 4.  
 
𝝉𝒄𝒓 = 𝒌𝝉
𝝅𝟐𝑬
𝟏𝟐(𝟏−𝝂𝟐)
(
𝒕𝒘
𝒃
)
𝟐
 
(1) 
 𝑽𝒖 = 𝑽𝒑 𝒇(𝒂, 𝒃, 𝒕𝒘, 𝝈𝒚, 𝑬) (2) 
In these formulas, a and b are resp. the width and depth of the web, with 𝒌𝝉 the shear buckling 
coefficient dependent on these values. The web thickness is given by 𝒕𝒘. E is the Young’s modulus 
and 𝝂 the Poisson’s ratio of the applied material. The last factor is the yield strength, given as 𝝈𝒚.  
2 DEVELOPMENT OF EXPERIMENTAL PROCEDURE 
2.1 Creating an experimental specimen 
Steel box girders have large dimensions; therefore, the closed sections are rescaled to a 
workable test specimen. The height of the webs is 70 mm and the width of the flange is 30 mm. A 
specimen exists of four different fields, each with a width of 72mm. Six models with a different 
curvature are made. The curvature radii are takes as 1500, 5, 3, 5/3, 1, and 0.55 times the web 
height. The smallest radius gives the highest web curvature.  
The steel is replaced by MYLAR® sheets with a thickness of 0.125 mm. The thickness of the 
flange is created by three superposed layers, in order to prevent failure of this element. In a later 
phase, this thickness was increased up to four layers.  
 
 
Figure 1: Evolution of test specimen 
In a first phase, the model had transverse stiffeners made from balsa wood at the inner side of 
the closed section. This resulted in inaccurate test results. This approach would also give difficulties 
Gilles Van Staen, Philippe Van Bogaert and Hans De Backer 
  3  
in creating a test setup. For these reasons, the stiffeners were placed at the outside of the 
specimen. First, the stiffeners were again made of balsa wood. In a later phase, moulds of MDF 
(Medium-Density Fibreboard) were manufactured. Figure 1 shows the evolution of the test 
specimen. 
2.2 Development of test setup 
The aim of the test setup is to introduce a constant shear force. In order to obtain this, a fixed 
support is created at the central stiffener. A bar is installed horizontally between the two outer 
stiffeners. The bar is subsequently loaded in steps of 50.5 grams till the web buckles and till the 
specimen collapses. Both point loads also introduce a bending moment. This value is increasing 
from zero at the outer stiffener to FL/2 for the centre of the specimen. F equals half of the total load 
and L the length of the specimen. Figure 2 shows the test setup for the specimen with the flattest 
webs. In this figure, the specimen is loaded with different weights  of 280 grams. 
 
 
Figure 2: Test setup 
3 EXPERIMENTAL PARAMETRIC STUDY 
3.1 Inaccuracies 
The specimen had quite a few inaccuracies, which influenced the test results. Two mayor groups 
of inaccuracies are distinguished: model and load inaccuracies. They are respectively introduced 
while manufacturing and while testing the specimen.  
The most important inaccuracies are bad connections, small rotations in the specimen, 
scratches of the plastic foil surface, and an unequal distribution of the load. The smaller these 
inaccuracies are, the better the results become. Therefore, it is important to perform each step with 
the utmost care. 
3.2 Evolution of web folding 
Among the six different models, two categories of elastic buckling and further web development 
could be distinguished. Figure 3 illustrates both behaviours. The upper specimen in Figure 3 
shows a buckling pattern for the flatter webs, which has diagonal tension lines. The folding lines 
are mirrored symmetrically around the support section and run from the corner of the lower flange, 
to the opposite corner at the upper flange 
The lower specimen in Figure 3 shows a specimen with a buckling pattern for the most curved 
webs. The deformed web has almost horizontal bulges. These folding lines are shifted towards the 
upper part of the web. This deformation pattern can be compared to the behaviour of a shell beam.  
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Figure 3: Flat web buckling (top) curved web buckling (bottom) 
3.3 Failure modes 
Three different failure modes are distinguished during the test. Failure of the flange and failure 
of the web are two of them. These can be expected for a loaded box girder. The third one is 
detachment of the glued connection, due to production inaccuracies. Only failure of the web was 
desirable, so an extra layer at the flanges is added for one set of specimens.  
3.4 Experimental results 
The results from the experiments can be divided in two groups. In a first group, elastic buckling 
is described, and a second group considers the failure load. The results for both types of specimens 
with flange thickness 3𝑡𝑤 and 4𝑡𝑤 are considered.  
The curves for elastic buckling are illustrated by the dark blue (3𝑡𝑤) and red line (4𝑡𝑤) in Figure 
4. The graph shows the load vs. the curvature ratio of the web. The x-axis represents the ratio of 
the depth of the web (b) over the curvature of the web (R), while the y-axis is the total load applied 
on the specimen in Newton. The elastic buckling loads are increasing with increasing curvature. 
The value for the most curved web is almost double as for the flattest web. The curves have the 
same shape for both flange types. 
The curves that represent the failure loads have a less linear shape. In general, they are 
decreasing with an increasing curvature. The flatter webs have a higher failure  load compared to 
curved webs. As expected, the specimen with a flange thickness 4𝑡𝑤 has higher failure loads, 
shown by the yellow curve in Figure 4. This indicates that most specimens with thinner flanges 
indeed failed at the flanges.  
The difference in load carrying capacity between the elastic buckling curve and the failure curve 
is called the postbuckling capacity. The results found in the graph indicate that the flattest webs 
have a larger postbuckling capacity. The lesser postbuckling capacity for the most curved webs is 
again an indication that these specimens behave as shells. Postbuckling theory in structural 
mechanics state the difference in behaviour of structures5. Flat webs have a stable postbuckling 
behaviour and thus a large additional load can be carried, while a shell -like structure becomes 
unstable after buckling, especially if the specimen is affected by imperfections.  
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Figure 4: Elastic buckling and failure results for experimental test 
4 NUMERICAL PARAMETER STUDY 
4.1 Model properties and characteristics 
The experimental specimens are simulated in a numerical finite element model. They are 
modelled in the finite element analysis software package SAMCEF6. For these models, no 
imperfections or inaccuracies are implemented.  
As visible in Figure 5, only half of the experimental specimen is simulated. One side of the 
model has a clamped support, while two webs further, a downwards force is acting. The model is 
loaded with increasing load steps. Each load increase represents 23.338N. 
 
 
Figure 5: Numerical simulation of experiment 
4.2 Numerical results 
The numerical model also delivers values for the elastic buckling load and the failure load. Both 
are shown by respectively the blue and yellow curve in Figure 6. The elastic buckling load is 
increasing with the web curvature, while the failure load curve is doing the opposite, in general. 
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The flattest webs have a large postbuckling capacity, while the two most curved webs almost 
immediately collapse after buckling.  
 
Figure 6: Elastic buckling and failure results for numerical test 
 
In addition, the stress development in the specimens is analysed. Both shear and normal 
stresses occur in the webs. Due to the Poisson’s ratio of the material, the normal stresses introduce 
horizontal and vertical forces in the web. The vertical forces have a stabilizing effect on the buckling 
behaviour of the flatter webs. It appears that the web that is affected by the highest normal stresses, 
has a higher elastic buckling capacity than the web with a lower normal stress.  
The multidimensional stresses in the specimen are analysed in the form of Von Mises stresses. 
This synthesizes all stresses in a single value, which can be compared to the yielding or rupture 
stress of the material. Figure 8 and Figure 8 illustrate these stresses for both extreme values of 
the curvature, just before failure. For both cases, the highest stresses are found at connections 
between web and flange and they have a lower value (38 MPa and 19 MPa) than the yield strength 
of the material (84 MPa). This is an indication that the numerical model stops calculating due to 
excessive deformation of the web.  
 
 
Figure 7: Von Mises stresses in flattest web  
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Figure 8: Von Mises stresses in most curved web  
 
5 COMPARISON NUMERICAL AND EXPERIMENTAL STUDY 
5.1 Comparison experimental and numerical plastic model 
Both the numerical and experimental specimens have the same characteristics and properties, 
which makes comparison possible. Figure 9 and Figure 10 give the comparison graphs for 
respectively the elastic buckling load and the failure load.  
Both numerical and experimental elastic buckling loads for the flattest web are almost identical. 
For all other web curvatures, the numerical curve increases much faster, and has higher values. It 
is not certain what the reason is behind the phenomenon. Imperfections and inaccuracies can be 
one of the possibilities and so are the occurrence of the stabilizing forces due to normal stresses. 
It is possible that these forces have a larger influence in a model without imperfections. More 
investigation is needed on this subject.  
The failure load curves have in general the same shape. Although, the results for the numerical 
model are higher, inaccuracies have a major influence in this. The specimens have quite some 
possible causes that foster failure, while in the numerical model all these causes do not exist.  
In general, the curve shapes are similar, but the values show strong variations. This 
demonstrates that the experiments give a good estimation of the web behaviour.  
 
 
Figure 9: Elastic buckling curves of experimental and numerical models 
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Figure 10: Failure load curves of experimental and numerical models 
5.2 Comparison with steel model 
In the parametric research for steel box girders, the failure loads are increasing with increasing 
curvature. The numerical research for MYLAR® sheet models renders opposite results. Both the 
model characteristics and the material properties are different for both cases. The closed steel 
sections are simulated with a height up to 3 m and a web thickness of 1.8 cm1/2. The stress-strain 
diagram and the Poisson’s ratio are the properties that differ the most. The MYLAR® material has 
a proportional limit that differs from the yield strength, while for a steel material, these values are 
the same. In addition, the plastic foil shows an elongation at rupture of 120%, which is for steel 
about 20%. The values of the Poisson’s ratio do not differ much, 0.38 for MYLAR® and 0.3 for 
steel, but this still influences both equations (1) and (2). The properties of the MYLAR® foil are 
obtained from previous research with this material7. 
The influence of these properties and characteristic have both been analysed. Figure 11 
shows the failure load curves for changing properties. The flatter webs are affected most by these 
parameters, although the general behaviour of the failure load curve remains. 
 
Figure 11: Influence of properties on failure load 
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Due to the different characteristics of the model, the web slenderness b/𝑡𝑤 differs for both 
materials. This slenderness is for the specimen 560, while for the steel closed section, it equals 
166.67. Previous research on the postbuckling capacity of webs under pure shear, showed that the 
slenderness ratio has a huge impact on the results8. For certain slender webs, the elastic buckling 
capacity is only 16% of the ultimate shear capacity of a web. When the webs become thicker, this 
percentage is increasing up to 75%. The results of this research can be used to explain the 
decreasing failure load curve for the MYLAR® sheet specimen.  
In Figure 12, the blue line is representing an arbitrary elastic buckling load curve, which is 
used as reference for both the plastic and steel specimen. The orange line gives the failure load 
development of a slender web. For the flattest web, the elastic buckling load is about 15% of the 
total failure load. This line has a negative gradient, since the postbuckling capacity is decreasing 
for an increasing web curvature and it has almost no postbuckling capacity for the most curved 
webs. This development looks like the general behaviour of the MYLAR® sheet specimen, where 
the failure load is decreasing for an increasing web curvature. The steel model has a lower 
slenderness. Hence the failure load curve, represented by the green line, has a lower value for the 
flattest web in Figure 12. For this failure load line again assumes that the postbuckling capacity 
is decreasing for an increasing web curvature, which results in a positive gradient. The green line 
has now the shape, coherent to the results found in the steel numerical research. This indicates 
that the web slenderness of a specimen has a huge influence on the development of the failure 
load line for curved webs. Numerical research is needed in order to confirm this reasoning. 
 
Figure 12: Influence of slenderness ratio of web on the total strength of the web 
6 CONCLUSIONS 
6.1 Experimental and numerical results 
The elastic buckling load is increasing with increasing web curvature for both the experimental 
and numerical approach. These values are important for the design of such plates, since curving 
the webs may result in stronger box girders. However, the total collapse of a specimen has 
decreasing values for an increasing web curvature. This occurrence is presumably due to the high 
web slenderness of the MYLAR® sheet specimen.  
The curvature of the webs influences the behaviour of the beams. The flattest webs have 
diagonal tension lines after elastic buckling, and quite some postbuckling reserve. While the most 
curved webs induce a shell beam behaviour, where the webs have multiple horizontal bulges after 
elastic buckling and almost no postbuckling reserve.  
From the numerical models is found that the specimen does not break due to excessive 
stresses. The Von Mises stresses are for each node lower than the yield strength.  
6.2 Further research 
In further research, more experimental specimens should be tested. It could be an idea to film 
the behaviour of the specimen during the test. This can give a better indication how the specimens 
fail.  
Performing the tests with a thicker plastic foil, and thus higher web thickness, can be interesting 
as well. It could confirm the stated theory about this characteristic.  
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On the numerical models of the MYLAR® specimens are no imperfections or residual stress 
implemented. Adding these parameters to the analysis can give results, which are closer to the 
results obtained by the experimental tests. 
Next to the MYLAR® specimens, experiments should be done on steel box girders with larger 
scale. The inaccuracies and imperfections will have less influence on the resul ts. For manufacturing 
these new specimens, improving the connection between the webs and flanges is indispensable, 
since this connection can quickly become the major problem for failure of the box. These 
connections will also introduce residual stresses in the model, which have large influence, as shown 
in the papers about the numerical models in steel2. 
REFERENCES 
[1] Van Bogaert, P. (2012). Buckling Resistance of Steel Bridge Girder Webs, 18th congress of IABSE: 
Innovative infrastructures (pp.326-327). 
[2] Van Bogaert, P. (2014). Buckling Strength of Curved Bridge Girder Web Panels, 37th IABSE Symposium 
(pp.58-59). 
[3] NEN 6671, H13 (1990). Toetsing van plooistabiliteit, Nederlands Normalisatie Instituut, NEN 6671: 
Steelstructures (pp.65-97). 
[4] Basler, K. (1961). Strength of plate girders in shear, In F.L. Paper, Proc.ASCE,87 (ST7). 
[5] Hutchinson, J. & Koiter, W. (1970). Postbuckling Theory, Applied Mechanics Review. 
[6] Siemens, SAMCEF (2017). https://www.plm.automation.siemens.com/en/products/lms/samtech/samcef-
solver-suite/ 
[7] Coppin, J. (1976). Onderzoek van kunststoffolies voor modelonderzoek, Fonds voor Kollektief 
Fundamenteel Onderzoek. 
[8] Alinia, M., Habashi, H., & Khorram, A. (2008). Nonlinearity in the Postbuckling Behaviour of thin steel 
shear panels, Amirkabir University of Technology.  
 
